Objective: Motor impairment after stroke has been related to infarct size, infarct location, and integrity of motor tracts. To determine the value of diffusion tensor imaging (DTI) as a predictor of motor outcome and its role as a structural surrogate marker of impairment in chronic stroke, we tested correlations between motor impairment and DTI-derived measures of motor tract integrity.
Motor impairment after stroke has been related to lesion site and size, 1,2 amount of previous lesion burden, and other factors like age or comorbidities. 3, 4 It has also been shown that the integrity of motor fibers, with the pyramidal tract (PT) as the main descending fiber bundle, but also the cortico-rubro-spinal or cortico-reticulo-spinal systems, 5, 6 plays an important role for the degree of motor impairment which can be measured with standardized, reliable, and valid clinical assessments. 7, 8 However, mere lesion location may not sufficiently demonstrate the extent to which motor fibers remain intact and a considerable amount of variance remains unexplained.
Diffusion tensor imaging (DTI) allows for the visualization and quantitative examination of fiber tracts and their integrity in vivo 9 so that the topographic relation of lesion location and corticospinal fibers can be evaluated [10] [11] [12] [13] [14] and fiber degeneration can be revealed. [15] [16] [17] [18] In the chronic stroke phase, a nonsignificant trend between motor fiber number asymmetry and fine motor performance was previously observed in mildly to moderately affected patients. 19 DTI-derived measures such as fractional anisotropy (FA) values in the posterior limb of the internal capsule (PLIC) were shown to correlate with motor impairment and to increase the predictive power of transcranial magnetic stimulation (TMS). 20 The aim of our study was to correlate DTIderived structural measures of differential motor tract integrity with functional motor impairment scores in chronic stroke patients to establish DTI-derived surrogate markers of motor impairment and to relate patterns of motor tract damage to different levels of motor impairment.
METHODS Subjects. Our group consisted of 35 chronic stroke patients (8 women; 32 right and 3 left handed; 22 patients with left and 13 with right hemispheric lesions); mean age 56.6 years (SD 12.7); mean time post stroke 30.5 months (SD 30.3; range: 5-170 months) for whom we had imaging data and a detailed neurologic examination from the acute stroke phase. Inclusion criteria consisted of 1) occurrence of first ischemic stroke in the middle cerebral artery (MCA) territory at least 5 months prior to enrollment; 2) no previous or subsequent cerebral ischemia or hemorrhage; 3) Medical Research Council (MRC) strength grade of Յ3/5 in extensor muscles of the affected upper extremity in the acute phase (first 24 hours after symptom onset); 4) standard physical and occupational therapy post stroke. An age-matched control group of 10 healthy subjects (4 women; all right-handed; mean age 58.2 years [SD 12.2]) with no history of neurologic or psychiatric disorders was recruited to compare DTI-derived measures between patients and healthy controls.
Standard protocol approvals, registration, and patient consents. The study was approved by the local ethical standard committee, and all participants gave written informed consent.
Motor assessments. Each patient underwent the Upper Ex-
tremity Fugl-Meyer assessment (UE-FM) and the Wolf Motor Function Test (WMFT). The UE-FM, a 30-item motor function assessment, 21 is a frequently used clinical motor impairment test in stroke rehabilitation. 22 The scores range from 0 to 66 with higher scores reflecting more complete functional recovery. The modified WMFT consists of 15 time-based tasks varying in complexity and 2 tests of strength. 23, 24 It has been used in neurorehabilitation trials as an outcome measure of upper extremity motor function. 25 Similar to previous studies, completion times were logarithmized to account for skewed data distribution. 25 The resulting score has a maximum value of 1.97 seconds [log] with lower values reflecting better function of the affected arm. UE-FM scores were obtained for all patients whereas 6 patients were missing a full set of WMFT scores.
Image acquisition. All patients and healthy controls underwent MRI using a 3T GE scanner, which included T1-weighted images (resolution: 0.9375 ϫ 0.9375 ϫ 1.5 mm 3 ), DTI (resolution: 1.87 ϫ 1.87 ϫ 5.0 mm 3 with 25 noncollinear diffusion directions with a b-value of 1,000 s/mm 2 , and one with a value of 0 s/mm 2 ; 30 axial slices covered the entire brain including the brainstem), and a fluid-attenuated inversion recovery (FLAIR) sequence (resolution: 0.5 ϫ 0.5 ϫ 5 mm 3 ). T1-weighted images were spatially normalized to determine lesion size and location. Patients with lacunar stroke were excluded based on lesion volume (diameter of less than 15 mm and volume of less than 1.8 mL), 26 typical location, and clinical stroke syndrome. T1weighted and FLAIR images were compared with acute phase images to exclude patients with subsequent strokes.
Diffusion tensor image analysis. FA value, a measure of the degree of directional preference of water diffusion, was calculated for each brain voxel. Using MedINRIA, version 1.7 (http://www-sop.inria.fr/asclepios/software/MedINRIA/), diffusion tensors were calculated for all voxels within the brain, and fibers were traced by connecting adjacent voxels with similar principal eigenvectors, applying a standard threshold FA value of 0.2 for continuous fiber reconstruction. 27 Regions of interest (ROIs) were drawn on the color-coded FA images. The analysis was started with an ROI in the PLIC through which motor fibers descend. 28, 29 This ROI was drawn on an axial slice corresponding approximately to z ϭ 8 of a spatially normalized brain in Talairach space. 30 It was ensured that ROIs had equal volumes between the hemispheres (1.16 Ϯ 0.14 and 1.19 Ϯ 0.15 mL for the ipsilesional and contralesional ROIs). The next, ipsilateral ROI was drawn at a pontine level using a slice just below the level of the superior cerebellar peduncles, corresponding approximately to z ϭ Ϫ24. We added a logical "and" function so that only fibers passing through both ROIs were considered for further analysis. We drew 2 different ROIs at that level. A narrower ROI included only the basis pontis (0.30 Ϯ 0.11 mL for ipsilesional and 0.31 Ϯ 0.08 mL for contralesional ROIs), resulting in a fiber bundle that most likely corresponded to the PT according to neuroanatomic 31 and DTIderived atlases. 32 A broader pontine ROI (0.63 Ϯ 0.17 mL for ipsilesional and 0.64 Ϯ 0.19 mL for contralesional ROIs) comprised the basis pontis as well as posterior parts of the pons (tegmentum pontis) to include additional corticofugal tracts to the spinal cord. We will refer to these fibers as alternate motor fibers 5 (aMF). Any fibers extending to the cerebellum were excluded using axial not-ROIs (exclusion masks) placed in the superior and middle cerebellar peduncles. A third ROI included the precentral gyrus and its underlying white matter (3.16 Ϯ 0.74 for ipsilesional and 3.40 Ϯ 0.85 mL for contralesional ROIs) at a level that corresponded to z ϭ 50 of a spatially normalized brain. A logical "and" function was also added for this ROI so that only fibers that started in the precentral gyrus and passed through the PLIC and the pons were traced, with separate reconstructions for the narrow and broad pontine ROIs (figure 1). Two-tailed paired t tests revealed no significant between-hemispheric or between-group (patients vs controls) differences in ROI volumes.
After reconstructing fiber tracts using the ROIs outlined above, we determined the total number of fibers for each individual tract, hemisphere, and patient/control subject. This parameter has to be understood as a quantitative measure of connectivity between anatomic locations as determined by the ROIs. In addition, we used the ROIs drawn in the PLIC to extract mean regional FA values, calculate asymmetry indices between the lesional and contralesional hemispheres, and compare these values between the patient and control groups as well as with values in the literature. 19 Fiber number asymmetry scores RESULTS Clinical and lesion data. The group mean scores were 33.6 for UE-FM (SD 18.2) and 0.95 seconds[log] for WMFT (SD 0.56). Lesion sites varied from cortical and immediate subcortical locations (2 patients) suggesting a distal MCA branch occlusion to large striatocapsular (13 patients) and large hemispheric strokes with extensive white and gray matter involvement (20 patients) suggesting an occlusion of an MCA division.
Comparing DTI-derived measures between patients and controls. Ipsilesional fiber number (for both PT and aMF) and PLIC FA values were lower in the patient group as compared to the control group ( p Ͻ 0.001) while measurements did not show any differences when the patients' nonlesional hemisphere was compared with an average of both hemispheres of the control group ( p ϭ 0.839 for fiber number and p ϭ 0.599 for FA values). Patient and control groups differed with regard to fiber number asymmetry ( p Ͻ 0.001) and regional FA value asymmetry of the PLIC ( p Ͻ 0.001).
Within the patient group, the 2 hemispheres differed in absolute fiber numbers and regional FA values. The number of reconstructed fibers was lower in the ipsilesional relative to the contralesional motor tracts ( p Ͻ 0.001); the ipsilesional FA values of the PLIC were decreased as compared to the nonlesional hemisphere ( p ϭ 0.011).
Pattern of ipsilesional motor tract damage. The lesional hemisphere showed particular patterns of tract damage. The fiber asymmetry scores (between lesional and nonlesional hemispheres) ranged from ϩ0.95 to Ϫ0.01 in those patients (22 of 35 patients) in whom fibers extending from the precentral gyrus to the pons could be reconstructed in both hemispheres (in- cluding PT and aMF). The fiber number asymmetry scores were 1.0 in the remaining 13 patients with no detectable fibers originating from the ipsilesional precentral gyrus and descending to the pons. These 2 subgroups (i.e., the 2 groups with and without corticospinal fibers in the lesional hemisphere) differed in their motor impairment scores (p Ͻ 0.001). When the narrower brainstem ROI (PT only) was used for tract reconstruction, we found that 21 of the 35 patients had no traceable fibers. This group included the abovementioned 13 patients (who were identified using the broader pontine ROI), as well as 8 additional patients in whom only fibers descending in the posterior pons were traceable (aMF). Again, this subgroup differed from the remaining 14 patients in motor impairment scores ( p Ͻ 0.001). No patient showed the inverse pattern with traceable anterior fibers but no posterior fibers.
A classification based on the pattern of ipsilesional motor tract damage. The pattern of ipsilesional motor tract integrity allowed us to divide the patients into 3 groups depending on whether descending fibers were traceable in the anterior (PT) and posterior portion of the pons (aMF).
In the first group, fibers of both the anterior and the posterior portion of descending corticospinal tracts were traceable in the affected hemisphere. In the second group, no anterior fibers were traceable, but fibers passing through the posterior portion of the pons could be reconstructed. In the third group, the tracts maintained no integral connections with the precentral region.
A multivariate analysis of covariance controlling for patient age, time post stroke, and lesion size revealed overall differences among the 3 groups for both UE-FM [F(5,23) ϭ 17.199, p Ͻ 0.001] and WMFT [F(5,23) ϭ 10.262, p Ͻ 0.001]; note that only 29 out of 35 patients had a full set of WMFT scores. Bonferroni-corrected post hoc tests revealed that all groups showed significant differences between one another for both motor impairment scores (figure 2).
Correlations between DTI-derived measures and mo-
tor impairment. Fiber number asymmetry scores (combining PT and aMF) showed a strong correlation with UE-FM (R ϭ Ϫ0.80; p Ͻ 0.001) and with WMFT (R ϭ 0.71; p Ͻ 0.001; figure 3A ) controlling for effects of patient age, time post stroke, and lesion size. The correlations were found to be slightly less prominent (R ϭ Ϫ0.69 for UE-FM [ p Ͻ 0.001] and R ϭ 0.61 for WMFT [ p Ͻ 0.001]; figure 3B ) when the PT fiber asymmetry scores were used. To account for a possible ceiling effect in the regression analyses due to the number of patients with asymme- try scores of 1.0, we ran additional partial correlations after excluding this subgroup (group 3). The correlations remained significant albeit with slightly lower R scores: R ϭ Ϫ0.73 for UE-FM and R ϭ 0.55 for WMFT when PT and aMF were combined, and R ϭ Ϫ0.64 for UE-FM and R ϭ 0.62 for WMFT when PT fiber asymmetry scores were used. Partial correlations (controlling for patient age, time post stroke, and lesion size) revealed that FA asymmetry scores in the PLIC predicted UE-FM scores (R ϭ Ϫ0.71; p Ͻ 0.001) and WMFT scores (R ϭ 0.68; p Ͻ 0.001) ( figure 4 ). DISCUSSION Our analysis revealed highly significant correlations between structural measures of fiber tract integrity and functional motor impairment scores in chronic stroke patients. Interestingly, it was the differential integrity of all corticospinal motor tracts rather than the integrity of the PT alone that was associated with motor impairment.
A linear relationship between fine motor skills of the affected limb and fiber number asymmetry has already been found in a group of 10 mildly to moderately affected chronic stroke patients. 19 Our quantitative analysis of 35 patients with varying degrees of motor recovery yielded a highly significant relationship between DTI-derived parameters and motor impairment scores. It complements previous studies that associated the pattern of corticospinal tract damage with motor impairment using qualitative DTI approaches [10] [11] [12] [13] [14] 33 or related the intersection of a lesion with the presumed location of corticospinal fibers to motor impairment using structural MRI. 1, 2 With regard to the functional integrity of corticospinal tracts and its relation to motor outcome, TMS has been shown to be a good predictor in the acute and subacute phase whereas its value in chronic stroke varied between studies. 34 The combination of DTI parameters (i.e., regional FA values of the inter- nal capsule) and TMS-derived measures has also been reported to be potentially useful in estimating recovery potential. 20 However, our results suggest that DTI-derived measures alone are valid structural surrogates of motor impairment after stroke. One of the most important findings of our investigation is the possible contribution of alternate corticospinal fibers to recovery. Patients with traceable fibers descending in the posterior pons (aMF) but no intact PT fibers surprisingly revealed only a moderate motor impairment on average, whereas patients with no traceable fibers descending in either the anterior or the posterior pons were severely impaired. The physiologic significance of these alternate fibers has not been fully explored; however, their possible contribution to recovery has already been suggested in patients with complete disruption of the PT who still showed muscular excitability in the affected limb after cortical stimulation 6 or had fine finger muscle control. 5 The degree of aMF integrity might also explain some of the variability in motor recovery previously described. 35 We used the differential integrity of the PT and aMF to develop a 3-tier classification system of motor impairment whose predictive value with regard to a patient's recovery potential can now be tested in the acute recovery phase. Patients with traceable PT fibers and aMF (group 1) achieved the highest UE-FM scores and shortest WMFT completion times. Patients who had traceable aMF but no PT fibers were more severely affected (group 2). However, their UE-FM and WMFT scores still indicated a moderate recovery. Finally, patients with no traceable fibers descending either in the anterior or posterior pons (group 3) were most severely impaired as reflected in lower UE-FM and higher WMFT scores when compared to the other groups (see figure 2 for details). This classification system of impairment categories for chronic stroke patients might be helpful in estimating recovery potential of subacute patients at the outset of their natural recovery or of patients entering experimental neurorehabilitation trials. Furthermore, the classification could be used to refine inclusion criteria for experimental studies.
No patient in our sample showed the inverse pattern of motor tract damage (i.e., traceable corticospinal fibers in the anterior but not in the posterior pons). This is most likely due to the composition of the tracts descending in the posterior pons, which presumably contain a heterogeneous group of polysynaptic fibers. Lesions that severely damage these fibers might be so large that they always involve the PT.
However, limitations of DTI tractography should be considered. While the path of pyramidal fibers is well known 31 and the PT can be reliably reconstructed, 32 the course of what we termed alternate motor fibers 5 (aMF) is not yet based on anatomic studies in humans. 36, 37 Dedicated high-resolution DTI would be necessary to determine whether these fibers actually belong to the cortico-reticulo-spinal and corticorubro-spinal tracts as we suspect.
In this context, it should be emphasized that DTI tractography provides a probabilistic measure of connectivity, but does not reach the anatomic validity of myeloarchitectonic studies and currently cannot differentiate individual axons or synaptic connections. 38 The absence of traceable fibers does not necessarily indicate a complete tract disruption, but rather suggests that the amount of tract damage is more severe than in those patients in whom fibers could be traced. Lower UE-FM scores and longer WMFT completion times also correlated with higher FA asymmetry scores in the PLIC which is attributed mainly to the variability of FA values in ipsilesional PLIC while contralesional values did not differ significantly from those obtained in the control group in our study. However, FA alterations in a part of the contralesional motor tract have been found when a group of 10 patients was split into 2 subgroups; those with a higher level of recovery had higher FA values than normal controls and vice versa for patients with a lower level of recovery, suggesting that remodeling of the contralesional motor system also contributes to recovery. 39 Our study differs methodologically, in that we used FA values of the entire PLIC instead of tract FA values so that intact neighboring corticofugal and corticopetal fibers 28, 29 might have masked potential FA alterations.
With regard to the lesional hemisphere, our findings are in agreement with studies showing a correlation between FA values of the internal capsule or regions in the cerebral peduncle of the lesional hemisphere and motor outcome in subacute or chronic stroke patients. 13, 16, 17 In another study, PLIC FA asymmetry has been shown to offer predictive value for determining motor outcome in chronic stroke patients. 20 Our data suggest a linear correlation between PLIC FA asymmetry and motor impairment, explaining approximately 50% of the variance of this correlation. FA value changes remote from an ischemic lesion have been attributed to degeneration and remodeling. 13, 17, 18, 40 Other possible contributors to the variance could be intact ascending and descending fiber tracts that traverse through the PLIC in close proximity, 28, 29 which might mask the effect of FA reduction caused by the ischemic lesion to some degree. ; has received license fee payments from Siemens Medical for US Patents 7,369,888 and 6,980,845: Multi-slice perfusion imaging; and may receive royalty payments through a licensing agreement with GE Healthcare for US Patent 7,545,142: Arterial spin labeling with pulsed radio frequency sequences. Dr. Schlaug receives research support from the NIH [NINDS 1R01NS045049 (PI), NIDCD 1RO1 DC008796 (PI), and NIDCD R01 DC009823-01 (PI)], and from the NSF BCS0518837 (PI).
